Growing evidence indicates that the individualized and highly reproducible N-glycan repertoires on each protein glycosylation site modulate function. Relationships between protein structures and the resulting N-glycoforms have previously been observed, but remain to be quantitatively confirmed and examined in detail to define the responsible mechanisms in the conserved mammalian glycosylation machinery. Here, we investigate this relationship by manually extracting and analyzing quantitative and qualitative site-specific glycoprofiling data from 117 research papers. Specifically, N-glycan structural motifs were correlated with the structure of the protein carriers, focusing on the solvent accessibility of the individual glycosylation sites and the physicochemical properties of the surrounding polypeptide chains. In total, 474 glycosylation sites from 169 mammalian N-glycoproteins originating from different tissues/ body fluids were investigated. It was confirmed statistically that the N-glycan type, degree of core fucosylation and branching are strongly influenced by the glycosylation site accessibility. For these three N-glycan features, glycosylation sites carrying highly processed glycans were significantly more solvent-accessible than those carrying less processed counterparts. The glycosylation site accessibilities could be linked to molecular signatures at the primary and secondary protein levels, most notably to the glycoprotein size and the proportion of glycosylation sites located in accessible β-turns. In addition, the subcellular location of the glycoproteins influenced the formation of the N-glycan structures. These data confirm that protein structures dictate site-specific formation of several features of Nglycan structures by affecting the biosynthetic pathway. Mammals have, as such, evolved mechanisms enabling proteins to influence the N-glycans they present to the extracellular environment.
Introduction
Proteins destined for the extracellular environment are folded and matured in the endoplasmic reticulum (ER) and Golgi apparatus in the secretory pathway. In this process, a large proportion of the proteins are modified in a reproducible manner with a heterogeneous repertoire of asparagine (N)-linked glycans through a series of enzymatic events (Kornfeld and Kornfeld 1985) . Protein N-glycosylation is initiated in a co-translational manner shortly after the glycosylation site, the so-called sequon (NXT/S, X ≠ P), of the newly synthesized polypeptide chain enters the lumen of the ER (Nilsson and Vonheijne 1993) . Here, a common oligosaccharide precursor consisting of 14 monosaccharide residues (i.e. Glc 3 Man 9 GlcNAc 2 ) is transferred en bloc from a dolichol-attached donor to the sequon by a specific glycosyltransferase (Silberstein and Gilmore 1996; Aebi et al. 2010) . The protein-bound carbohydrate precursor is then remodeled by a complex series of processes catalyzed by membrane-bound glycosylation enzymes, Figure 1 . Sequential trimming of the terminal monosaccharide residues (glucose and mannose) is performed by specific glycosidases located in the ER and early Golgi (Moremen et al. 1994) . GlcNAc (N-acetylglucosamine)-transferases, which are hallmarks of "higher" eukaryotes, then process the N-glycan structures from high mannose to hybrid-type and further transferases yield the complex-type N-glycans if sufficient interactions with the enzymes occur (Helenius and Aebi 2004) . From the basic complex-type core, sugar chain elongation and "glycan maturation" (e.g. core fucosylation, branching, galactosylation and terminal sialylation) occur in the Golgi. The glycoproteins are transported in vesicles between the different compartments, i.e. ER, cis-, medial-and trans-Golgi, and finally to the cell surface. Along this journey, they encounter different microenvironments due to sub-compartmentalization of the glycosylation enzymes (Dunphy et al. 1981) . The processing of N-glycans in the Golgi is thought to take place on the maturely folded glycoproteins (Parodi 2000 ).
An extensive and highly reproducible repertoire of N-glycans is usually present on a given glycosylation site. Increasing evidence indicates that this site-specific N-glycosylation is important for glycoprotein function (Royle et al. 2003; Haltiwanger and Lowe 2004; Ohtsubo and Marth 2006; Anthony and Ravetch 2010; Sumer-Bayraktar et al. 2011) . It is rationalized that this glycosylation site microheterogeneity is a result of competition between the modulating enzymes of the N-glycosylation machinery. Here, the product of one glycan-modifying reaction is the substrate for multiple subsequent reactions. This network of competing enzymatic reactions, together with the fact that not all reactions are complete, generates an array of related N-glycan structures. N-glycan processing can be influenced by several cellular factors such as (1) activity, concentration and distribution of glycosylation enzymes (glycosidases and transferases) in the ER and Golgi compartments, (2) availability of nucleotide sugar donors and (3) glycoprotein transit time through the glycosylation machinery . This biosynthetic control exercised by the cell results in cell-and tissuespecific glycosylation, a commonly observed feature of protein N-glycosylation (Parekh et al. 1987 (Parekh et al. , 1989 De Graaf et al. 1993 ). In addition, it is thought that the individual proteins trafficking through the glycosylation machinery influence the N-glycosylation as previously reviewed . This is based on the observation that glycoproteins produced simultaneously in the same cell can present widely different N-glycan repertoires. Even sequons on the same protein may be differently glycosylated in terms of the structure and heterogeneity of the attached glycans, their relative abundances and the degree of occupancy (Faye, Johnson et al. 1986; Faye, Sturm et al. 1986; Mir-Shekari et al. 1997; Harazono et al. 2005; Harazono et al. 2006; Deshpande et al. 2010; Sumer-Bayraktar et al. 2011) . Systematic protein sequence analyses have established that the efficiency of N-glycosylation (glycosylation site occupancy) is predominantly determined by the primary protein structure which is influencing the transfer of N-glycan precursors from lipid-linked donors to available sequons (Kasturi et al. 1995; Shakin-Eshleman et al. 1996; Mellquist et al. 1998; Ben-Dor et al. 2004; Petrescu et al. 2004; Bano-Polo et al. 2011; Culyba et al. 2011) . Hence, this relationship will not be covered in this study. For the resulting N-glycan end-products, case-by-case studies of single glycoproteins have qualitatively correlated the N-glycan type with the glycosylation site position on the tertiary protein structure (Kornfeld and Kornfeld 1985; Parekh et al. 1987; Hubbard 1988; Weisshaar et al. 1991; Parodi et al. 1995; Zhu et al. 2000; Harazono et al. 2005; Go et al. 2008; An and Cipollo 2011) . Based on this, it is generalized that accessible glycosylation sites will carry more processed N-glycans (i.e. complex-type) than glycosylation sites that are sterically protected either by the polypeptide chain or by dense clusters of N-glycans. A similar accessibility-based protein influence has been suggested for core fucosylation of N-glycans, although much less evidence has been presented for this relationship (Weisshaar et al. 1991; Chen et al. 2005) . In general, the influence exercised by the polypeptide chain remains to be quantitatively confirmed and investigated in detail to define the responsible mechanisms for site-specific N-glycosylation on a molecular level.
This study investigates how individual protein structures affect N-glycan processing in the highly conserved mammalian glycosylation machinery by correlating experimentally determined site-specific glycoprofiling data extracted from a substantial number of structural studies in the literature, to the primary, secondary and tertiary protein structures around the glycosylation sites. The protein structures and the differential glycosylation site solvent accessibilities, in particular, were confirmed to be responsible for generating site-specific (1) The N-glycan precursor, which is transferred en bloc from a dolichol donor to a sequon of a newly synthesized polypeptide chain, is initially trimmed by glycosidases in the ER. (2) Further trimming of the high mannose-type structures by mannosidases. (3-4) The hybrid-type glycan is produced early in Golgi by GlcNAc-transferase I and can be further processed to a complex-type N-glycan by sequential trimming by mannosidases and elongation by GlcNAc-transferase II. (5) Both of these N-glycan structures are targets for fucosyltransferase 8 (FUT8), which add an α-1,6-linked fucose to the reducing end GlcNAc residue of the N-glycan. (6) N-glycan branching to produce tri-, and tetra-antennary structures is catalyzed by GlcNAc-tranferase IV and V. (7) After addition of galactose by galactosyltransferases, the N-glycans can be capped with sialic acid residues by sialyltransferases. The N-glycan processing in Golgi is thought to occur on maturely folded proteins.
Protein structure generates site-specific N-glycosylation protein N-glycosylation by directly influencing the sitespecific formation of different N-glycan structural features.
Results
Glycoproteomics publications, in which site-specific profiling of protein N-glycosylation has been performed, are limited, but have finally reached a volume whereby the available data can be collated to gain insight into the molecular mechanisms of the glycosylation machinery. Here, the relationship between the N-glycan (sub)structures at individual glycosylation sites and the surrounding protein "landscape" was investigated, using published quantitative and qualitative site-specific glycoprofiling data, by searching for molecular trends at the primary, secondary and tertiary protein structure levels. In particular, the comparative analyses focused on the glycosylation site solvent accessibility and the physiochemical properties of the surrounding polypeptide chain. Since the majority of the glycoprofiling studies contained quantitative information of the glycan type (i.e. relative composition of high mannose, hybrid and complex-type N-glycan), the degree of core fucosylation and branching of N-glycans, these were the structural features investigated. Since only limited quantitative glycoprofiling data were available for the degree of sialylation, Lewis-type fucosylation and the presence of bisecting GlcNAcs, N-acetyllactosamine (LacNAc) repeats and further post-translational modifications of the N-glycans such as sulfation, acetylation and phosphorylation, these properties were not included. The approach relies heavily on the accuracy of the glycoprofiling data and the tertiary protein structures. However, by using a large sample population it can be expected that technical inaccuracies would be averaged out statistically. This was validated by the clear glycan/protein structure correlations presented here. In addition, since the glycoprofiling studies were performed on glycoproteins originating from a variety of cell types, physiological conditions and species (see Table I and Supplementary data for more information), it was assumed that the reported N-glycans had been processed by glycosylation machineries under different cell-specific conditions. This study focused on the influence of protein structures on the attached N-glycans rather than the influence of the cell. Minor cell-and condition-specific variations were consequently tolerable although this increased the statistical "noise" and limited the direct comparison of the molecular features at the individual glycoprotein level. Hence, comparisons of large sample populations were used to observe molecular trends.
Glycan type
The N-glycan type was shown to be clearly dependent on the structure of the protein carrier as has been previously indicated (Kornfeld and Kornfeld 1985 , Weisshaar et al. 1991 , Parodi et al. 1995 , Zhu et al. 2000 , Harazono et al. 2005 , Go et al. 2008 , An and Cipollo 2011 . This was substantiated by a strong correlation between N-glycan type and solvent accessibility to the individual glycosylation sites, Figure 2A . Glycosylation sites occupied entirely by high mannose-type N-glycans were significantly less accessible (37.47 ± 6.69 arb. units, n = 55) than the following groups: (1) Glycosylation sites occupied partially (1-99%) by complex-type N-glycans (99.33 ± 8.61 arb. units, n = 67, P = 1.2 × 10 -7 ), (2) glycosylation sites occupied fully (100%) by complex-type N-glycans (118.55 ± 5.58 arb. units, n = 188, P = 1.3 × 10 −12
) and (3) glycosylation sites where high mannose-type N-glycans were observed, but not quantified (called "high mannose-type observed") (76.31 ± 13.85 arb. units, n = 26, P = 0.003). Significant solvent accessibility differences were also found between the glycosylation sites occupied partially and fully by complex-type N-glycans (P = 0.037). Further analysis of the two glycan type "extremes", i.e. 100% high mannose-type and 100% complex-type, revealed molecular differences at the primary protein structure level. Most notably, glycoproteins carrying only high mannose-type N-glycans were significant larger (896 ± 180 amino acid residues, n = 29) than glycoproteins carrying only complex-type N-glycans (544 ± 60 amino acid residues, n = 103, P = 0.009), Figure 2C . Compared with their smaller counterparts, large (globular) glycoproteins have a relatively small surface area and a higher propensity for folding the polypeptide chain around the N-glycan early in the glycosylation machinery. The latter could restrict the N-glycan processing by shielding the glycan substrate from interaction with the processing enzymes. Such observations can, thus, explain the differential glycosylation site solvent accessibility between glycoproteins decorated with N-glycans of different glycan type. The different solvent accessibilities were not related to differences in the secondary structures of the glycosylation sites, Figure 2G . Glycosylation sites of the two groups hosting the glycan type "extremes" were located predominantly in β-turns ( 60%) or unassigned regions ( 25%) and less frequently in α-helices ( 10%) and β-strands ( 5%) in reasonable agreement with previous predictions (Mononen and Karjalainen 1984) . In contrast to findings from an earlier report (Pollack and Atkinson 1983) , we did not find any sequon location preference relative to the N-or C-termini of the proteins for glycosylation sites carrying the two glycan types, Figure 2B . However, glycosylation sites carrying different glycan types showed significant hydropathy and antigenicity differences. Within a very restricted window size (Asn ± two amino acid residues), glycosylation sites occupied by complex-type N-glycans were more hydrophilic than glycosylation sites occupied by N-glycans of the high mannose-type (P = 0.038), Figure 2D , agreeing with their more surface-exposed nature. In contrast, regions around glycosylation sites carrying high mannose-type N-glycans showed significantly higher antigenic properties, which could explain their tendency to be more buried within the protein structure. Sequence analysis showed that NXT was the preferred sequon ( 60%) for glycosylation sites occupied with complex-type N-glycans, whereas glycosylation sites carrying high mannose-type N-glycans showed no preference for NXT or NXS sequons ( 50% each; data not shown). Other studies investigating the glycosylation efficiency (glycosylation site occupancy) found that the NXS motifs are less efficiently glycosylated than NXT (Kasturi et al. 1995; Petrescu et al. 2004) , indicating that N-glycans on NXS sequons are not only processed less in the glycosylation machinery, but also have a lower stoichiometric occupancy compared with the N-glycans on NXT sequons. Other flanking amino acid residues have similarly been shown to influence the glycosylation efficiency (Shakin-Eshleman et al. 1996; Mellquist et al. 1998 ). However, we found no clear motifs or molecular trends of the primary structure around the glycosylation sites that could explain the differential processing observed for the three structural features investigated in this study. As reported previously (Pollack and Atkinson 1983) , we observed a bias towards complex-type N-glycans (87%) on secreted (soluble) glycoproteins compared with membrane glycoproteins (68%), Figure 2F . This is counter-intuitive since membrane glycoproteins should be in relatively close proximity to the membranebound glycosylation enzymes responsible for the glycan processing. Thus, it was expected that N-glycans attached to membrane glycoproteins would preferentially be processed into complex-type glycans. Instead, the observation might be explained by the fact that membrane glycoproteins on average were shown to contain nearly twice as many sequons per glycoprotein (6.3 ± 0.7 sequons/protein, size: 535 ± 40 amino acid residues, n = 56) compared with secreted (soluble) glycoproteins (3.5 ± 0.4 sequons/proteins, size: 551 ± 64 amino acid residues, n = 104) (data not shown). Assuming similar occupancy of the similar-sized glycoproteins in the two subcellular locations, the higher N-glycan density of the membrane glycoproteins could make the local enzyme concentration/activity the limiting factor for glycan-type processing. In addition, dense clusters of N-glycans on the protein surface of membrane glycoproteins may sterically hinder the array of glycosylation enzymes that are needed to process the N-glycans from high mannose to complex-type as suggested previously (Zhu et al. 2000; Chen et al. 2005; Go et al. 2008) . Together with the lower rotational flexibility of membrane-bound glycoproteins this could make glycan processing of such proteins less likely. Alternatively, the differential N-glycan processing could be a consequence of different transit times and/or trafficking routes for the membrane and secreted (soluble) glycoproteins through the secretory pathway.
In summary, this data demonstrate that the glycosylation site solvent accessibility predominantly determines whether N-glycans will be processed from high mannose to complextype structures. The clear glycan type/glycosylation site accessibility correlation indicates that the glycoproteins reach their mature fold relatively early in the secretory pathway before contact with the GlcNAc-transferases can be initiated (Parodi 2000; Caramelo et al. 2004) . Reaching a better understanding of this multistep enzymatic process requires more data points to target the individual reactions. Accomplishing this will reveal which, if not all, of the sequential reactions are affected by the protein structure and the subcellular location.
Core fucosylation
Interestingly, the protein structures were also shown to influence the downstream N-glycan processing in the Golgi. Specifically, the degree of core fucosylation, a reaction catalyzed by fucosyltranferase 8 (FUT8) on the reducing terminus GlcNAc close to the glycoprotein surface (Ihara et al. 2010) , was shown to strongly correlate with glycosylation site solvent accessibility, Figure 3A . This is consistent with previous observations from single glycoprotein analyses, where N-glycans attached to accessible glycosylation sites were found to have a higher degree of core fucosylation than N-glycans from shielded glycosylation sites (Weisshaar et al. 1991; Chen et al. 2005) . Glycosylation sites occupied by hybrid-or complex-type N-glycans without core fucosylation (0% core fucosylation) were significantly less accessible (62.63 ± 6.24 arb. units, n = 53) than all of the following groups containing core fucosylation: (1) 1-10% core fucosylated glycosylation sites (101.99 ± 15.33 arb. units, n = 13, P = 0.005), (2) 10% < core fucosylated < 90% glycosylation sites (114.44 ± 11.58 arb. units, n = 41, P = 3.3 × 10 ) and (4) 100% core fucosylated glycosylation sites (137.98 ± 8.14 arb. units, n = 67, P = 7.0 × 10
−11
). In addition, significant solvent accessibility differences were observed between the 1-10% and 100% core fucosylated glycosylation sites (P = 0.036). Further analysis of the protein Three structural features were investigated: (1) Glycan type (composition of high mannose, hybrid-and complex-type N-glycans), (2) core fucosylation (degree of core fucosylation measured in percent) and (3) branching (composition of mono-, bi-, tri-and tetra-antennary N-glycans). The number of quantitative and qualitative data points is listed for each structural feature. GS: Glycosylation site. Fig. 2 . The protein structure strongly influences the N-glycan type. The following structural properties of the protein carriers of N-glycans of different glycan types were analyzed: (A) Glycosylation site accessibility, (B) relative glycosylation site locations (in % from the N-terminal) in polypeptide sequences (including signal peptides), (C) glycoprotein size (including signal peptides), (D) hydropathy index, (E) antigenicity index, (F) composition of glycan types (only including the groups: 100% high mannose and 100% complex-type N-glycans) of the two subcellular locations (secreted/soluble and membrane glycoproteins) and (G) secondary structure of glycosylation sites. T-tests were performed and results are indicated with the following code: ns, not significant; *, P < 0.05: ***, P < 0.001. GS: Glycosylation site. The n-values are shown on the bars. Different n-values were used for some of the analyses since the required protein information was not available for all glycosylation sites of the individual groups. The code for the shading of the bars in Figure 2A -F is explained under Figure 2A (light gray: 100% high mannose-type glycosylation sites/glycoproteins; medium gray: high mannose-type observed (qualitative) glycosylation sites/glycoproteins; dark gray: 0% > complex-type > 100% glycosylation sites/glycoproteins; black: 100% complex-type glycosylation sites/glycoproteins. Figure 2B -F compare the groups "100% high mannose-type" and "100% complex-type" glycosylation sites/glycoproteins. An individual shading scheme was made for Figure 2G .
M Thaysen-Andersen and NH Packer Fig. 3 . The degree of core fucosylation of N-glycans is determined by the protein structure. The following structural properties of the protein carriers of N-glycans of different level of core fucosylation were analyzed: (A) Glycosylation site accessibility, (B) relative glycosylation site locations (in % from the N-terminal) in polypeptide sequences (including signal peptides), (C) glycoprotein size (including signal peptides), (D) hydropathy index, (E) antigenicity index, (F) composition of core fucosylation (only including the groups: 0% and 100% core fucosylated N-glycans) of the two subcellular locations (secreted/soluble and membrane glycoproteins) and (G) secondary structure of glycosylation sites. T-tests were performed and results are indicated with the following code: ns, not significant; *, P < 0.05: ***, P < 0.001. GS: Glycosylation site. The n-values are shown on the bars. Different n-values were used for some of the analyses since the required protein information was not available for all glycosylation sites of the individual groups. The code for the shading of the bars in Figure 3A -F is explained under Figure 3A (light gray: 0% core fucosylated glycosylation sites/glycoproteins; medium gray: 0% < core fucosylated < 10% glycosylation sites/ glycoproteins; dark gray: 10% < core fucosylated < 90% glycosylation sites/glycoproteins; lighter black: 90% < core fucosylated < 100% glycosylation sites/ glycoproteins; black: 100% core fucosylated glycosylation sites/glycoproteins. Figure 3B -F compare the groups 0% and 100% core fucosylated glycosylation sites/glycoproteins. An individual shading scheme was made for Figure 3G .
Protein structure generates site-specific N-glycosylation structure showed that the higher solvent accessibility of the core fucosylated glycosylation sites could be linked to their preferential position in highly accessible β-turns (70%) and the smaller size of the glycoproteins (346 ± 37 amino acid residues, n = 41) compared with the glycoproteins without core fucosylated N-glycans (695 ± 137 amino acid residues, n = 34, P = 0.005, β-turns: 52%), Figure 3C and G. Sequons from both of these differentially core fucosylated groups showed no preference for the N-or C-termini of the protein, Figure 3B , and additionally no difference between the antigenic properties around the glycosylation sites, indicating that the main function of core fucosylation is not to mask antigenic sites, Figure 3E . In contrast, the core fucosylation seemingly masks hydrophobic patches around the glycosylation site of some glycoproteins as indicated by the lower hydrophilicity of the glycosylation sites occupied by 100% core fucosylated N-glycans, Figure 3D . Interestingly, core fucosylation was strongly biased towards the membrane glycoproteins, which indicates that the relatively close proximity to the membrane-bound FUT8 may be beneficial for this modification, Figure 3F . In summary, these data substantiate that core fucosylation is a glycan-modifying reaction that is strongly influenced by the structure of the protein carrier. Predominantly the glycosylation sites solvent accessibilities of the proteins and their subcellular location determine whether the conjugated N-glycans will be modified by core fucosylation. It is possible that a larger dataset and a more sophisticated accessibility model, which takes the known tertiary structure of FUT8 (Ihara et al. 2007 ) and the N-glycan substrate into account, or compares the crystal structures of core fucosylated and non-core fucosylated glycoproteins, could in the future reveal if other protein or cellular factors are involved in controlling the fine-tuning of this glycan-modifying reaction.
Branching
Although processed further from the surface of the maturely folded protein, the N-glycan branching was also affected by the protein structure. Interestingly, the bi-to tri-antennary conversion of complex-type N-glycans was not dependent on glycosylation site solvent accessibility (100% bi-antennary N-glycans: 91.14 ± 7.37 arb. units, n = 65; >50% tri-antennary N-glycans: 90.63 ± 15.88 arb. units, n = 17, P = 0.50), whereas the tri-to tetra-antennary conversion occurred at glycosylation sites of higher accessibility. This was shown for both the ">50% Tetra-antennary" group (168.49 ± 26.18 arb. units, n = 13, P = 0.006) and the larger, but less restrictive "Tetra-antennary observed" group (146.84 ± 12.11 arb. units, n = 63, P = 0.014), Figure 4A . Surprisingly, glycosylation sites occupied with highly branched N-glycans, had a preference for occurring at the N-termini of the polypeptide chains, Figure 4B . However, it is unclear if this location preference is linked to the higher solvent accessibilities observed for glycosylation sites hosting highly branched N-glycans. Contrary to glycan type and core fucosylation, high N-glycan branching was not related to lower glycoprotein size, Figure 4C , but instead was correlated with a higher proportion of the glycosylation sites being located in accessible β-turns (78% vs 54%), Figure 4G . The proportions of the α-helix and β-strand secondary structures in the proteins remained approximately the same suggesting that the higher proportion of β-turns was mainly related to relatively fewer glycosylation sites located in unassigned secondary structure domains (17% vs 39%). No significant hydropathy or antigenicity differences were found between the differentially branched groups, Figure 4D and E. This would indicate that the function of the highly branched structures is generally not to mask antigenic and hydrophobic regions of the polypeptide chain by their larger glycan volume and surface area. Finally, it was observed that membranebound glycoproteins carried a higher proportion of highly branched N-glycan structures than their secreted (soluble) counterparts, Figure 4F . This may indicate that N-glycans residing on membrane glycoproteins increase their chances of being processed to highly branched structures by being in proximity to the membrane-bound GlcNAc-transferase IV and V, which are responsible for the bi-to-tri/tetra-antennary conversion.
Together, these data illustrate that glycosylation site accessibility predominantly determines if complex-type N-glycans are processed to highly branched structures. Interestingly, the higher accessibility was generated from preferential glycosylation site location in β-turn regions. In addition to allowing more access to the glycosylation sites/glycan substrates, N-glycans residing in such regions are presumably more flexible due to fewer structural constraints from the polypeptide chain. This could also be beneficial for the interaction with the processing enzymes. It still remains to be clarified whether the N-glycan branching is determined solely by glycosylation site solvent accessibility and increased polypeptide chain flexibility or is additionally affected by other protein factors facilitating enhanced N-glycan processing. In addition to the polypeptide chain itself, cell-specific factors can of course affect the degree of N-glycan branching (and other sub-structures) including: (1) the local activity/concentration of the glycosylation enzymes responsible for branching (e.g. GlcNAcT-IV and GlcNAcT-V), (2) the GO/NO-GO substrate specificity of the glycosylation enzymes (Schachter 1986) , (3) the availability of nucleotide-sugar donor (i.e. UDP-GlcNAc) and the glycan/glycoprotein substrates, and (4) the glycoprotein trafficking time/route; however, such cellular factors have not been investigated here.
Discussion
Protein glycans are secondary gene products that are produced in a non-template-driven manner by the enzymes of the cellular glycosylation machinery. Thus, structural analysis of the glycan end-products can be used to gain insight into the reactions responsible for the biosynthesis of N-glycans and is, as such, a tool to understand and monitor the glycobiology of the cell. Here, we have used site-specific glycoprofiling data acquired over nearly 40 years to investigate how polypeptide chains affect some central N-glycan processing reactions in the conserved mammalian glycosylation pathway. Statistically significant evidence is presented confirming that specific protein structural properties dictate certain N-glycan (sub) structures. This was shown for the three structural features investigated in this study; glycan type, the degree of core Fig. 4 . Protein structures affect N-glycan branching. The following structural properties were determined for the protein carriers of N-glycans of different level of branching: (A) Glycosylation site accessibility, (B) relative glycosylation site locations (in % from the N-terminal) in polypeptide sequences (including signal peptides), (C) glycoprotein size (including signal peptides), (D) hydropathy index, (E) antigenicity index, (F) composition of branching (only including the groups: 100% Bi-antennary and Tetra-antennary N-glycans observed) of the two subcellular locations (secreted/soluble and membrane glycoproteins) and (G) secondary structure of glycosylation sites. T-tests were performed and results are indicated with the following code: ns, not significant; *, P < 0.05: ***, P < 0.001. GS: Glycosylation site. The n-values are shown on the bars. Different n-values were used for some of the analyses since the required protein information was not available for all glycosylation sites of the individual groups. The code for the shading of the bars in Figure 4A -F is explained under Figure 4A (light gray: 100% bi-antennary glycosylation sites/glycoproteins; medium gray: > 50% tri-antennary glycosylation sites/glycoproteins; dark gray: tetra-antennary observed glycosylation sites/glycoproteins; black: > 50% tetra-antennary glycosylation sites/glycoproteins. Figure 4C -F compare the groups "100% bi-antennary" and "tetra-antennary observed" glycosylation sites/glycoproteins. An individual shading scheme was made for Figure 4G .
Protein structure generates site-specific N-glycosylation fucosylation and glycan branching. Spatially and temporally, the enzymatic reactions responsible for these glycan modifications cover different parts of the glycosylation machinery, although the reactions, by the nature of N-glycan biosynthetic pathway(s), are indirectly connected, but still strongly dependent on each other.
For all three structural features, the degree of N-glycan processing was largely determined by the accessibility to the individual glycosylation sites. Interestingly, this suggests that these glycan-modifying reactions are generally not limited by the enzyme concentration/activity, but instead are determined by the enzymatic accessibility to the substrate (i.e. glycan/ glycosylation sites). The differential glycosylation site solvent accessibility was linked to structural properties at the primary and secondary protein level, most notably, the glycoprotein size and the proportion of the glycosylation sites located in highly accessible β-turns. Thus, all protein structural levels contain molecular signatures that affect N-glycan processing.
The subcellular location of the glycoproteins was also shown to influence the degree of N-glycan processing. By being closer to the membrane-bound glycosylation enzymes, N-glycans on membrane glycoproteins appear to be further processed compared with the soluble (later secreted) glycoproteins. This was shown for the investigated modifications in the late Golgi (i.e. core fucosylation and branching). Several explanations can be suggested for this observation: (1) assuming non-limiting concentrations of the processing enzymes (see above), the differential processing might be a result of restricted movement in the Golgi making secreted (soluble) glycoproteins interact less readily with the membrane-bound enzymes, (2) membrane and secreted (soluble) glycoproteins could be trafficking at different rates or through different routes with local microenvironments in the Golgi, or alternatively (3) if the enzyme concentration/activity in Golgi is limited, membrane glycoproteins may, due to their location, interact preferentially with available glycosylation enzymes. Further analysis is clearly needed to fully understand the importance of the subcellular location for the N-glycan processing.
Several studies have reported that the glycosylation efficiency (occupancy) is dependent on the nature of the protein sequence (Kasturi et al. 1995; Shakin-Eshleman et al. 1996; Mellquist et al. 1998; Ben-Dor et al. 2004; Petrescu et al. 2004; Bano-Polo et al. 2011; Culyba et al. 2011) . Since the transfer of the lipid-linked N-glycan precursor to the sequon presumably takes place shortly after the glycosylation site of the newly synthesised polypeptide enters the ER lumen, this process is mostly influenced by the primary structure around the sequon as well as the secondary and tertiary structure of early folding intermediates and disulfide bond formation (Jones et al. 2005) . In contrast, the subsequent glycanmodifying reactions investigated in this study takes place on maturely folded proteins or folding intermediates closely related to the mature form. This was demonstrated by the clear glycosylation site accessibility-dependent N-glycan processing, which also validates that glycoproteins reach their mature fold early in the N-glycosylation biosynthesis (Parodi 2000; Caramelo et al. 2004 ).
Processing of N-glycans from non-mammalian glycoproteins (i.e. plants) has also been suggested to be dependent on glycosylation site accessibility (Faye, Johnson et al. 1986; Faye, Sturm et al. 1986 ). Specifically, phytohemagglutinin from Phaseolus vulgaris, a glycoprotein containing two N-glycosylation sites at Asn32 and Asn80, has been studied since high mannose and complex-type N-glycans were found to occupy the two sites, respectively . Using a modern tertiary protein structure ( protein data bank (PDB): 1G8W) we determined the solvent accessibilities of the two glycosylation sites using the same approach as described above and found that Asn32 was significantly less accessible (1.17 arb. units) than Asn80 (190.02 arb. units) explaining their differential N-glycan processing. Thus, it indicates that N-glycan processing in the plant glycosylation machinery is accessibility-dependent similarly to the mammalian system.
Glycan modification further from the protein surface, occurring later in the mammalian biosynthetic pathway, such as galactosylation and sialylation of N-glycans, has also been suggested to be related to the protein structure (Kitagawa and Paulson 1994; Wormald et al. 1997) . Only by obtaining a more comprehensive collection of quantitative site-specific glycoprofiling data can such details be systematically explored by the approach presented here. This would simultaneously add more data points to the glycanmodifying processes investigated in this study and give even better insight into the molecular mechanisms of the glycosylation machinery. Targeting the individual glycanmodifying reactions carried out by single enzymes instead of investigating the structural start/end-points of the multienzymatic processes would increase the resolution of the analysis. In addition, a more refined accessibility determination tool, which not only takes the glycosylation site solvent accessibility into account, but also the conjugated N-glycan (sub)structures (Petrescu et al. 2004; Petrescu et al. 2006; Lutteke 2009; Frank and Schloissnig 2010) , would add precision to the study and enhance the biological knowledge gain. We will be continuing to compile glycan data from the literature on site-specific glycoprofiling, with the aim of generating a better understanding of the glycosylation machinery. These data will also serve the purpose of generating the first publically available database of qualitative and quantitative site-specific glycoprofiling data that will form part of the developing UniCarbKB knowledgebase of glycobiology . It is the aim that this protein-centric knowledge platform will provide a fast and easy overview of existing information on glycan structures in a protein-and site-specific manner. This will complement the Structural Assessment of Glycosylation Sites (SAGS) database, which investigates the protein structure around glycosylation sites based on experimental 3D structures of glycoproteins (Petrescu; Petrescu et al. 2006) .
This study has characterized how the polypeptide chain affects some central aspects of N-glycan processing. However, the control exercised by the protein is only second to the control exercised by the cell, a phenomenon known as cellspecific glycosylation. By varying the local concentration of the glycosylation enzymes (or nucleotide sugars) or by altering the transit time, the cell can effectively change the resulting glycosylation as a response to internal and external environmental changes . Importantly, these glycoform alterations will still be within the constraints defined by the individual glycoprotein structure. In-depth understanding of how both the protein and the cell affect the individual reactions of the glycosylation pathway may allow advanced rules to be generated facilitating the prediction of glycan features such as glycan type, (sub)structures and occupancy of uncharacterized glycoproteins (Julenius et al. 2005; Senger and Karim 2008) . In addition, site-specific N-glycoprofiling may be utilized to generate spatial information of the polypeptide chain around the glycosylation sites and/or N-glycans thereby aiding the correct modeling of glycoproteins (Lutteke 2009; Frank and Schloissnig 2010) .
In conclusion, an extensive collation and analysis of the literature on the site-specific heterogeneity of N-glycosylation has confirmed that the polypeptide chain dramatically impacts several structural features of the N-glycosylation pathway including the glycan type, core fucosylation and branching of N-glycans. The solvent accessibility of the individual glycosylation sites was found to be the main factor in determining the processing of these reactions, and, thus, the resulting glycoforms. Mammals have, as such, evolved mechanisms to allow proteins to significantly influence the structural features of the N-glycans they present to the surrounding environment.
Materials and methods

N-glycoprofiling
Research papers (n = 117) presenting site-specific glycoprofiling data of mammalian N-glycoproteins over nearly four decades were compiled (see Supplementaryfor an overview of papers and access to protein and glycoprofiling information). Only data on glycoproteins with experimentally solved 3D protein structures or where homology models were available were included in this study. The glycan characterization studies primarily used combinations of the following analytical techniques: various types of mass spectrometry (MS) and/ or liquid chromatography (LC), methylation analysis, monosaccharide composition analysis, paper chromatography, nuclear magnetic resonance (NMR), fluorophore-assisted carbohydrate electrophoresis and capillary electrophoresis. Predominantly, the analytes included released N-glycans (reduced/non-reduced/fluorophore-or tritium-labelled) and glycopeptides. The majority of studies (65%) used exoglycosidase treatment to confirm the N-glycan structures. Glycoproteins containing multiple glycosylation sites required site-specific glycan data to be included in the study. This was usually obtained in the form of direct glycopeptide analysis or analysis of released N-glycans from LC separated glycopeptides. For purified glycoproteins containing single glycosylation sites, the analysis of released N-glycans was considered to be site-specific. Glycoproteins originating from a variety of mammalian species and tissue types were glycoprofiled, Table I . However, the compilation of glycoprofiling studies included predominantly blood-derived glycoproteins (34%) originating from human sources (61%).
Owing to the nature of the glycoprofiling data, three structural features of the N-glycans were investigated including (1) glycan type, i.e. composition of high mannose, hybrid-and complex-type N-glycans, (2) degree of core fucosylation of hybrid-and complex-type N-glycans and (3) degree of branching of complex-type N-glycans, i.e. composition of mono-, bi-, tri-and tetra-antennary N-glycans. This was done by grouping the glycosylation sites based on the glycan structures attached to each site as determined from the glycoprofiling data (see Supplementary data for more information). The groups were designed to reveal molecular and biological trends, while maximizing the number of data points in the individual groups to generate solid statistical evaluation. These groups accommodated the quantitative and qualitative nature of the glycoprofiling data. The quantitative glycoprofiling data were manually extracted from presented tables, figures or text of most papers (see Table I for number of quantitative and qualitative data points for the structural features). However, for some papers only qualitative information on the N-glycan structures could be obtained. For example, two papers presented large-scale site-specific identification of core fucosylated N-glycans (Jia et al. 2009 ) and high mannose-type N-glycans (Uematsu et al. 2005 ) without quantifying their abundance relative to the other structural counterparts. The minimum acceptable structural evidence for the three structural features was as follows: (1) For glycan type, monosaccharide composition analysis and glycan compositional analyses (e.g. MS profile) were accepted, since glycan type of an N-glycan can be predicted from its monosaccharide composition (Cooper et al. 2001) , (2) For core fucosylation, detection of an α-1,6-linked fucose residue or evidence of fucosylation of the N-glycan core was needed. Thus, methylation analysis, NMR, MS/MS (detection of deoxyhexose residues linked to reducing-end GlcNAc residues), LC and/or MS with exoglycosidase treatment were minimum requirements for the structural identification of core fucosylated N-glycans, and (3) For evaluation of branching of complex-type N-glycans, monosaccharide composition analysis, glycan compositional analyses (e.g. MS profile), exoglycosidase treatment, size exclusion, lectin chromatography and other LC strategies were allowed. As an approximation, the number of antennae was based on the relative molar amount of N-acetylhexosamines (HexNAcs) (e.g. N-glycans with four HexNAcs were assumed to be bi-antennary). This approach is acknowledged to neglect the possible presence of β-1,4-linked bisecting GlcNAc residues of the core and LacdiNAc/LacNAc repeats of antennae. Predominantly, MS and/or LC approaches were used for relative quantitative glycoprofiling. The analytical techniques show excellent accuracy for relative quantitation of glycans and glycopeptides as a proportion of a mixture (Wada et al. 2007; Thaysen-Andersen et al. 2009 ). Technical inaccuracies were averaged out statistically by using a large sample population of glycoprofiling data obtained from a variety of analytical techniques and different research laboratories.
Protein information, sequence handling, primary/secondary structure analysis and statistics The protein primary structures were viewed with GPMAW (Lighthouse, Denmark). Secondary structures (α-helix and Protein structure generates site-specific N-glycosylation β-strand), hydrophobicity and antigenicity predictions were performed using CLC Main Workbench Version 6.1.1 (CLC Bio, Denmark). For the hydrophobicity and antigenicity calculations, the Kyte-Doolittle hydrophobicity scale (Kyte and Doolittle 1982) and Kolaskar-Tongaonkar scale (Kolaskar and Tongaonkar 1990) were used, respectively, with a window size of five amino acid residues to focus exclusively on the glycosylation site region. β-turns were predicted with NetTurnP (http://www.cbs.dtu.dk/services/NetTurnP/; Petersen et al. 2010 ) using default detection thresholds. Primary sequences were investigated for structural motifs using WebLogo (http://weblogo.berkeley.edu) (Crooks et al. 2004) . Protein identifiers (accession numbers), recommended names and information on glycoprotein sizes (including signal peptide region), sequences and subcellular locations were obtained from UniProt (www.uniprot.org). Statistical evaluations were carried out using MicroSoft Excel by performing one-tailed student's t-tests on datasets (assuming normal distribution of the two differently sized datasets being compared, type 2). Exact P-values are noted in the text whereas the following code is used for P-values on the bar graphs *, P < 0.05; ***, P < 0.001 and ns, not significant (P ≥ 0.05). Bars are presented as average ± SEM and the number of data points (n-values) is shown.
Tertiary protein structure Three-dimensional protein structures were obtained from the PDB database (http://www.rcsb.org/pdb). If multiple structures were available for a glycoprotein, the best match to the naturally occurring variant was chosen by considering the following parameters in a prioritised order: (1) High protein sequence coverage and resolution of the 3D structure, (2) source of protein ( purified from organism/tissue over artificial expression system), (3) known site-specific mutations, (4) presence of artificial/natural ligands and (5) oligomerization of the solved 3D structure. X-ray crystallography was the predominant technique for 3D structure determination (89%, average resolution: 2.3 Å) with only a few glycoproteins found to be solved by NMR (9%) or other techniques (2%), Table I . Where no experimentally determined structures were available (45%), structure homologs were obtained from ProteinModelPortal (http://www.proteinmodelportal.org), Swissmodel repository (http://swissmodel.expasy.org) or ModBase (http://modbase.compbio.ucsf.edu/modbase-cgi/index.cgi). High sequence homology was used as a selection criterion when choosing homology model and the average sequence homology for all structures was 55%, which is considered reliable for homology modelling (Chothia and Lesk 1986) , Table I . Three-dimensional protein structures were viewed with RasMol Version 2.7.5 (RasWin Molecular Graphics) for visual inspection.
Glycosylation site solvent accessibility
The glycosylation site solvent accessibility was determined by measuring the accessibility to the individual asparagine residues forming the occupied glycosylation sites using NACCESS, a solvent accessibility determination program (Hubbard and Thornton 1993) . NACCESS calculates the atomic accessible area (van der Waal's interactions) when a probe is rolled around on the protein surface (Lee and Richards 1971; Chothia 1976) . The maximum probe size offered by the program (5 Å) was used as a default in this study to as closely as possible simulate the accessibility of the glycosylation enzymes to the glycosylation sites. NACCESS produces unit-less and absolute accessibility values as the output format (denoted "arb. units"), which were comparable between glycosylation sites of different glycoproteins. Prior to the measurements of site accessibility, any water molecules, sugars, ligands and other molecules not part of the core polypeptide chain were removed from the protein surface. Negligible accessibility differences were observed for the "native" and the monomeric form of glycoproteins with multimeric structures (data not shown). Hence, in the case of multimers, glycosylation site solvent accessibilities derived from the monomeric structures were not considered in the analysis.
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